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ABSTRACT
Fabrication and Testing of Catalyst-Infused Filament for 3D printing of
Ignition-Augmented Hybrid Rocket Fuels
by
Kurt C. Olsen, Master of Science
Utah State University, 2022

Major Professor: Stephen A. Whitmore, Ph.D.
Department: Mechanical and Aerospace Engineering
This thesis describes and compares various methods of ignition for hybrid rockets using
acrylonitrile butadiene styrene (ABS) as the fuel and a nitrous oxide and gaseous oxygen
blend (Nytrox) as the oxidizer. The thesis presents the advantages of Nytrox over gaseous
oxygen (GOX) as the hybrid oxidizer. Additionally, the thesis presents the current state of
the art regarding ignition of pure nitrous oxide as well as Nytrox for hybrid rockets. The
approach to testing ignition methods using GOX pre-lead, as well as multiple catalytic
ignition configurations are presented. The manufacturing process for a novel catalystinfused fuel grain is presented as the optimal solution to combat ignition latencies present in
ABS-Nytrox hybrid rockets. Finally, the results of the testing of the novel catalyst-infused
fuel grains are presented. The results are interpreted, and a final, optimal configuration
that could be used as a small satellite propulsion system is presented and test data are
shown.
(66 pages)
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PUBLIC ABSTRACT
Fabrication and Testing of Catalyst-Infused Filament for 3D printing of
Ignition-Augmented Hybrid Rocket Fuels
Kurt C. Olsen
This thesis describes and addresses the need for reliable ignition in small satellite
hybrid propulsion systems using higher density oxidizers. It describes methods of creating
custom 3D printing ABS plastic based filaments that contain small amounts of catalysts.
These catalysts lead to a more reliable and energy-efficient ignition of a hybrid rocked
propulsion system using catalyst-infused ABS and nitrous oxide and oxygen blend called
Nytrox, commonly known as ”laughing gas.” The ”laughing gas” has a higher density
and can therefore provide more ”miles per gallon” in a hybrid propulsion system on a
small satellite when compared to gaseous oxygen (GOX). The ignition methods of hybrid
rocket propulsion systems using Nytrox are compared and contrasted, and the ignition
using catalyst-infused ABS as the fuel is tested. The data from these tests are presented
and indicate an improvement in ignition energy and latency compared to pure ABS fuel.
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Symbols
Ac

fuel port cross-sectional area, cm2

Aexit

nozzle exit area, cm2

A∗

Cross-sectional area at which local flow chokes, cm2

Aexit /A∗

nozzle expansion-ratio

Cd

discharge coefficient

CF

thrust coefficient

c̄F

averaged thrust coefficient

C∗

discharge coefficient

Ea

activation energy for self-sustaining decomposition reaction, kJ/kg

Ei

minimum energy required to initiate a deflagration wave in Nytrox mixture, J

Eif

ignition energy amplification factor

F

thrust, N

Gox

oxidizer massflux, g/cm2 s

Gtot

total massflux, g/cm2 s

g0

nominal acceleration of gravity, 9.8067 m/s

H

energy of reaction, kJ/kg

Isp

specific impulse, s

Lport

fuel grain length, cm

Mw

molecular weight, g/g-mol

Mf uel

consumed fuel mass, g

Mox

consumed oxidizer mass, g

ṁf uel

fuel mass flow, g/s

ṁox

oxidizer mass flow, g/s

ṁtotal

total mass flow through the nozzle, g/s

xi
Symbols
O/F

oxidizer/fuel ratio

O/Factual

actual oxidizer-to-fuel ratio

O/Fstoic

stoichiometric oxidizer-to-fuel ratio

¯
O/F

time-averaged oxidizer-to-fuel ratio

P0

chamber pressure or oxidizer flow stagnation pressure, psia

pexit

exit plane static pressure, psia

p∞

ambient pressure, psia

Rg

gas constant, J/kg-K

Ru

universal gas constant, 8314.4612 J/kg-mol-K

rL

longitudinal average of the fuel port radius, cm

r0

initial fuel port radius, cm

r̄L

longitudinal mean of fuel regression rate, cm/s

¯ṙ

mean regression rate over burn duration, cm/s

ṙ

dependent variable for regression rate as fit by power-law curve, cm/s

sg

specific gravity with respect to weight of water

T0

stagnation temperature, K

tburn

burn time, s

t

generic time symbol, s

η∗

combustion efficiency

γ

ratio specific heats

ρf uel

solid fuel density, g/cm3

ρIsp

impulse density, N·s/L standard deviation
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ACRONYMS

ABS

acrylonitrile butadiene styrene

GOX

gaseous oxygen

Nytrox

nitrous oxide oxygen blend

Catbed

catalyst bed

CatGrain

catalyst-infused fuel grain

SmallSat

small satellite

PRL-USU

Propulsion Research Laboratory at Utah State University

ESTEC

European Space Agency Space Research and Technology

USAF

United States Air Force

NASA

National Aeronautics and Space Administration

SDL

Space Dynamics Laboratory

HPGHP

High Performance Green Hybrid Propulsion

H2 O2

hydrogen peroxide

N2 O

nitrous oxide

EAN40

enriched air

Ru/Al2 O3

ruthenium on alumina catalyst pellets

CHAPTER 1
INTRODUCTION
Significant advances in the miniaturization of electronic components have emerged
during the first two decades of the twenty-first century and have allowed spacecraft bus
sizes to shrink by nearly an order of magnitude. Spacecraft as small as 25 kilograms now
offer the sensing and computational capability of a spacecraft weighing more than several
hundred kilograms from just a generation ago. As a result, global interests in very small
spacecraft (SmallSats) have grown dramatically, and a competitive commercial market has
emerged during the last decade.

Fig. 1.1: Current SmallSat Propulsion Trade Space.

To date, SmallSats have primarily been used for educational, technology demonstration,
or other novelty purposes. Small-scale spacecraft systems are currently launched using a
limited number of ”ride-share” options that rely on the excess payload capacity of the
launch vehicle. These ride-share options offer secondary payload satellite customers little
or no control over the launch schedule and the achieved final orbit. In order to reach
specific orbits and fulfill a broader range of missions, SmallSats require a cheap, reliable,
high-performing, safe, and preferably, ”green” propulsion unit in order to re-position the
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spacecraft properly; and once-inserted, maintain the required orbit. A properly designed
mission could conceivably deploy an entire in-orbit ”string of pearls” with a single launch.

1.1

Need for a ”Green” Replacement for Hydrazine for SmallSat Propulsion
Systems
Unfortunately, SmallSat technology development has primarily centered on spacecraft

bus design and miniaturization of sensor components. Generally, the propulsion industry
has not kept pace with the bus avionics growth trend. With the current state of the art,
only a few space propulsion options are available to the systems designer. Figure 1 shows
the current state of CubeSat propulsion systems with flight heritage. Systems based on
hydrazine monopropellant are by far the most commonly used. Unfortunately, hydrazine is
highly toxic, potentially explosive, and environmentally unsustainable.
With a growing regulatory burden, the associated infrastructure requirements for hydrazine
transport, storage, servicing, and clean up resulting from accidental releases, are rapidly
making the use of hydrazine cost prohibitive. A recent study by the European Space Agency
Space Research and Technology Center (ESTEC) [1] [2] , identified ”reduced production,
operational, and transport costs associated with lower propellant toxicity/explosion hazards...,”
as an essential operations change required for achieving low-cost commercial space access.
Developing a non-toxic, stable “green” alternative for hydrazine was highly recommended
[3]. Both the USAF [4] and NASA [3] are actively involved in the development of green
alternatives to hydrazine.

1.2

High Performance Green Hybrid Thruster Technology
In response to the emerging need for environmentally-sustainable SmallSat propulsion

systems, over the past decade the Propulsion Research Laboratory at Utah State University
(PRL-USU) and the Space Dynamics Laboratory (SDL) have actively collaborated to
develop a High-Performance Green Hybrid Propulsion (HPGHP) technology as a safe and
environmentally-sustainable replacement for hydrazine across a wide range of applications.
HPGHP technology derives from the novel electrical breakdown property of certain 3D

3
printed thermo-plastic materials. This property has been developed into a proprietary,
power-efficient system that can be cold-started and restarted with a high degree of reliability.

(a) Fuel Grain Head-End with
Ignition Electrodes

(b) Motor Component Layout

(c) Schematic of
Chamber Assembly

Thrust

Fig. 1.2: 10 N HPGHP Thruster System Details.

The patented system [5] has been scaled over a large range with successful prototypes
with thrust levels varying from 5 to 900 N having been tested [6]. Multiple oxidizers
including gaseous oxygen (GOX), nitrous oxide (N2 O), hydrogen peroxide (H2 O2 ), enriched
air (EAN40), and Nytrox have been successfully tested with the HPGHP system. Nytrox is
a ”green” blend GOX and N2 O and is similar to the laughing gas used for medial anesthesia
applications. A flight-weight 25 N thruster system has been extensively vacuum tested [6].
On 25 March 2018, a flight experiment containing a 10 N prototype of this thruster system
was launched aboard a two-stage Terrier-Improved Malemute sounding rocket from Wallops
Flight Facility. The launch achieved apogee of 172 km, allowing more than 6 min in a hardvacuum environment above the Von-Karman line. The thruster was successfully fired five
times. Whitmore and Bulcher (2018) [7] report the results of this flight test experiment.
Figure 2 presents the details of the 10 N flight-weight thrust chamber assembly.
In this extensively developed 10 N form, the HPGHP system uses a 3D printed Acrylonitrile
Butadiene Styrene (ABS) fuel grain with a cylindrical center port that acts as the combustion
chamber. Electrodes are embedded into the top of the printed fuel, and an inductive
charge imparted to these electrodes provides the pyrolytic ignition source. Oxidizer flows
longitudinally through an injector in the motor head end and burns with pyrolyzed fuel
along the length of the fuel grain. Components shown by Figure 2 include: i) graphite
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nozzle, ii) nozzle retention cap, iii) motor case, iv) 3D printed fuel grain with embedded
electrodes, v) insulating phenolic liner, vi) chamber pressure fitting, and vii) single-port
injector cap. The 38 mm diameter motor case is constructed from 6061-T6 aluminum and
was procured commercially [8].

1.3

Nytrox as an Oxidizer for Hybrid Rockets
Karabeyoglu investigated the advantages of using of varying nitrous oxide and oxygen

blends for use as oxidizers for hybrid rockets [9]. Because of its relatively higher density
as compared to GOX, Nytrox would be the preferred option for a flight system. Like pure
nitrous oxide, Nytrox offers the advantage of being self-pressurizing but with a significantly
reduced risk (by three orders of magnitude) of an uncontrolled decomposition reaction [10].
Additionally, Nytrox is quite stable as compared to pure nitrous oxide, adding increased
safety during handling and testing when compared to many other oxidizers and fuels for
small satellite propulsion. Karabeyoglu investigated a theoretical system using paraffin and
a nitrous oxide and oxygen blend in larger launch vehicles.

1.3.1

Nytrox as a Drop-in Replacement For GOX

In its most mature form, the HPGHP system uses gaseous oxygen (GOX) as the oxidizer
with 3D printed ABS as the fuel. The GOX/ABS propellants are highly mass efficient
system, with a flight weight 25 N thruster system achieving vacuum specific impulse (Isp)
greater than 300 seconds. Unfortunately, unless stored at very high pressures, GOX has a
low specific gravity and is a volumetrically inefficient propellant. A higher density ”green”
alternative to GOX is more desirable.
Little research has been done to investigate the Nytrox as an oxidizer for hybrid rockets.
Whitmore demonstrated the feasibility of using Nytrox as a drop-in replacement for oxygen
in a hybrid rocket test ground test campaign. However, in the course of the testing, ignition
issues were acknowledged but never addressed [10].
In conjunction with the work of Whitmore, Stoddard presents an in-depth description
of the preparation of a specific mixture of Nytrox called Nytrox 87 [11]. Nytrox 87 is a very
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stable and safe form of Nytrox where the liquid is 87 percent nitrous oxide and 13 percent
dissolved oxygen. Stoddard continues to describe the results of using Nytrox 87 as a direct
replacement of GOX in an existing system. A significant limitation is an increase in ignition
energy and an ignition latency.

1.3.2

Nitrous Oxide Decomposition Solutions

A reliable ignition system for a Nytrox hybrid motor must decompose the nitrous
oxide component of the Nytrox to release an amount of oxygen that is capable of sustaining
combustion. The decomposition of nitrous oxide is exothermic, reaching a temperature of
1600 °C, which is enough to continue combustion, The challenge with Nytrox ignition is
obtaining constant decomposition. There are two primary methods of decomposing the
nitrous oxide in Nytrox: thermal and catalytic decomposition.

Thermal Decomposition
Nitrous oxide decomposes at approximately 700 °C. Due to the required phase change,
decomposition takes a substantial amount of energy to reach this temperature. Current
methods involve using pyrotechnic devices to begin the decomposition. This method does
not lend itself well to reliable in-flight re-ignition. Pyrotechnic devices are susceptible to
inadvertent ignition from stray electromagnetic radiation and present significant objective
hazards.
There is potential to use an existing flame in the combustion chamber to start the
decomposition. Little research has been conducted to investigate this method, as it requires
a mid-burn oxidizer transition. However, safety and reliability could outweigh the increase
in complexity and system mass.

Catalytic Decomposition
The catalytic decomposition of nitrous oxide uses a reactive material, typically a high
atomic-weight metal, to decrease the activation energy required for decomposition. Nitrous
oxide decomposes with lower energy inputs in the presence of heavy metals as shown in
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Figure 1.3. A common catalyst that is commercially available is ruthenium on alumina
pellets (Ru/Al2 O3 ).

Fig. 1.3: Ru/Al2 O3 decreases the energy input required for N2 O decomposition.

Previous studies by Zakirov et. al. [12] investigating Nitrous Oxide as a monopropellant
have demonstrated that the N2O can be effectively decomposed by a variety of catalysts,
decomposing the two-phase liquid into oxygen and nitrogen gas with substantial heat release.
More than 50 different catalysts have been tested with the effectiveness of high atomic weight
metals being demonstrated.
For a typical application for nitrous oxide decomposition the external catbed to be
effective, catalysts must be externally heated to high temperatures, often exceeding 300
°C. For in-space application, this required pre-heat energy would have a significant impact
on the total spacecraft energy budget. Wilson et. al. [13] used ruthenium on alumina
catalyst (Ru/Al2O3) catalyst to achieve a single-use, non-pyrotechnic ignition of a nitrous
oxide hydroxyl-terminated butadiene (HTPB) rocket motor. These authors used an external
catbed heated to temperatures in excess of 350 °C in order to produce decomposition energy
to ignite the hybrid motor.
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Catalysts require a method to insert the activation energy required to begin the decomposition
of the nitrous oxide. The most common method for this is to use a heater around the catalyst
bed to heat the nitrous oxide as it flows through the catbed so it decomposes spontaneously.
A few key drawbacks to this method are the power and the mass required for the heater.
Hendley et al used a spark plug in the catbed to apply the activation energy [14].
Their catalyst bed has a tee junction where the nitrous oxide flows first past the spark
plug where the activation energy is input, then through the catalyst where it decomposes
spontaneously. Their results show that there are feasible methods to apply the activation
energy without using a heater.
In addition to the required pre-heat energy cost, external catbeds are heavy and
volumetrically inefficient. They add significantly to the spacecraft dry-mass without increasing
propulsive efficiency. As a final issue, catbeds often self-consume at the high temperatures
necessary for efficient decomposition action. There is universally a limited operating lifetime
for these types of high atomic weight metal catalysts.

1.4

Research Plan
As described previously, hybrid propulsion using green propellants offers a potential

to replace hydrazine for a variety of applications. A primary historical drawback for using
hybrid systems for in-space applications has been the lack of reliable multiple-use ignition
methods. Recently, this restartability issue was overcome by leveraging unique dielectric
breakdown properties of 3D printed acrylonitrile butadiene styrene (ABS) to develop a
High-Performance Green Hybrid Propulsion (HGHP) family that has capability for reliable
start, stop, and re-ignition.
HPGHP ignition works reliably using gaseous oxygen (GOX) as the complementing
oxidizer, but it has experienced reliability and ignition latency issues when GOX is replaced
by higher-density oxidizers like nitrous oxide or hydrogen peroxide. These oxidizers possess
higher thermal decomposition energy barriers. Previously published studies have demonstrated
that catalytic-assist, where a catalyst bed is placed in line with the arc-ignition system,
significantly increases ignition reliability. Ignition latency is also reduced. Catalytic-assist
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works by partially decomposing the incoming oxidizer to release free oxygen before entering
the combustion chamber.
Unfortunately, inline catbeds also pose a series of technical issues. First, catbeds are
heavy and volumetrically inefficient. They add significantly to the spacecraft dry-mass
without increasing propulsive efficiency. Second, in order to be effective, catalysts must
be externally heated to high temperatures, often exceeding 300 oC. The required pre-heat
energy has a significant impact on the total spacecraft energy budget. Finally, catbeds often
self-consume at the high temperatures necessary for efficient decomposition action. There
is universally a limited operating lifetime for these types of catalysts.
This presented research will develop a potential solution to this issue. Preliminary
tests indicate that small amounts catalytic material can be infused in a base ABS feedstock
material, allowing the production of print filament without adversely affecting the 3D
printing properties and behavior. The infused catalyst enhances ignition reliability; thus,
eliminating the need for an external catbed. This paper describes the infusion process and
the filament production details. Required modifications to a Fused Deposition Manufacturing
(FDM)-style of printer to allow efficient printing using the infused feedstock are also presented.
Results from a series of static hot-fire tests will be presented. To establish the performance
baseline, test results for a traditional lab-scale HPGHP arc-ignition thruster using GOX/ABS
as propellants will be presented first. Second, static-fire results using a Nytrox as the
oxidizer with a traditional external ruthenium on alumina catalyst will be presented. Here
the catbed acts as a catalytic assist, with arc-ignition being the primary ignition source.
Nytrox is simply a dense blend of nitrous oxide and GOX. Finally, tests results using the
catalyst-infused fuel and Nytrox will be presented. Test results are compared, showing that
the catalyst-infused fuels exhibit a slightly reduced performance level but with a significantly
increased overall system volumetric efficiency.

9

CHAPTER 2
ANALYTICAL METHODS
This section discusses the analysis used to compare the performance of the thrusters.
First the measurements that are used to computed necessary real-time metrics from the
sensors are presented. These include oxidizer mass flow and total mass flow through the
nozzle.
The analysis used to investigate the performance of the catalyst infused fuel grains
in this paper is the same analysis used by Whitmore in the research of Nytrox as a dropin replacement of GOX in the HPGHP system. The analysis section is reproduced with
permission of the author. This section details the analytical methods that were used to
calculate key derived-parameters from the raw test data. These mass-flow based calculations
include: (1) oxidizer mass flow, (2) mean fuel regression rate, (3) oxidizer-to-fuel ratio, (4)
mean fuel port diameter, (5) oxidizer massflux, (6) total massflux, (7) equivalence ratio, and
(8) specific gravity. Key performance parameters calculated from the raw data include: (1)
combustion efficiency, (2) thrust coefficient, (3) specific impulse, (4) characteristic velocity,
and (5) impulse density. The following section detail how these calculations were performed.
The presented calculations for regression rate, fuel port diameter, and massflux are valid
only for the longitudinal averages. There is no attempt to spatially resolve these parameters
along the length of the fuel port. Although the inline Venturi measures the oxidizer mass
flow in real-time, the test stand was not configured to directly measure the fuel mass flow.
Instead, before and after each hot-firing the fuel grains were weighed to give the total
fuel mass consumed during the test. As will be described later in this section, these mass
measurements were used to anchor the “instantaneous” fuel mass flow rates, calculated as
the difference between the nozzle exit and oxidizer mass flows:

ṁf uel (t) = ṁtotal (t) − ṁox (t)

(2.1)
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Knowing the nozzle throat area A* and the plume exhaust gas properties, the nozzle
exit (total) mass flow at each time point was calculated from the measured chamber pressure
time history P0 , using the 1-dimensional choking mass flow equation [15]
s
∗

ṁtotal (t) = A P0 (t)

γ
Rg T0



2
γ+1



γ+1
γ−1

(2.2)

The calculation of Equation 2.1 assumes the flow composition is frozen at the nozzle
entrance [15], and nozzle erosion during the burn. A table of thermodynamic and transport
equilibrium properties of the GOX/ABS and Nytrox/ABS exhaust plumes were calculated
using NASA’s industry standard Chemical Equilibrium code (CEA) [16]. CEA is a powerful
tool that can compute the content of exhaust, as well as thermodynamic properties of
different propellant combinations. This code is used to determine the maximum theoretical
values of the different thruster performance parameters.
The CEA code is used to produce tables with chamber pressure P0 and mean O/F ratio
as independent look up variables for the tables. For each data point in the burn time history,
the two-dimensional tables of thermodynamic and transport properties were interpolated
using chamber pressure P0 and mean O/F ratio as lookup variables. Calculated parameters
included the gas constant Rg , ratio of specific heats gamma, and flame temperature T0 .
Defining the combustion efficiency as:

η∗ =

∗
Cactual
∗
Cideal

v
u γ+1  γ+1
s
γ−1 R T
u
g 0actual
T0actual
u 2γ
 γ+1
=t
≈
γ+1 γ−1
T0ideal
Rg T0ideal
2γ

(2.3)

The theoretical flame temperature was scaled by adjusting the combustion efficiency:
T0actual = T0ideal (η ∗ )2

(2.4)

such that the calculated fuel mass consumption over the burn:
Z

tburn

(ṁtotal (t) − ṁox (t)) · dt

∆Mf uel (tburn ) =
0

(2.5)
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matched the measured value from differences of the pre- and post-test weight measurements.
As described earlier, the consumed fuel mass anchored the thermodynamic calculations.
Adjusting input combustion efficiency upwards has the effect of increasing the calculated
fuel mass consumption, and downwards decreases the calculated fuel mass consumption.
The calculations of Equations 2.1–2.5 were iterated, adjusting η ∗ after each iteration, until
the calculated fuel mass matched the measured mass within a prescribed level of accuracy,
in this case 0.5%. For each iteration, the time-averaged oxidizer-to-fuel ratio was calculated
as integrated oxidizer mass flow divided by the consumed fuel mass:
R tburn
ṁox (t) · dt
ṁ
(t)
·
dt
ox
= R tburn 0
O/F = 0
∆Mf uel (tburn )
(ṁtotal (t) − ṁox (t)) · dt
R tburn

(2.6)

0

The thruster system to be tested exhibited very little O/F ratio shift over the burn lifetime.
Thus, the assumption of a constant O/F ratio based on the total consumed masses had
very little effect upon the presented results. Clearly, for propellants or thruster systems
that exhibit a significant O/F shift, the presented method must be modified with the O/F
being calculated as a function of time based upon the instantaneous mass flow calculations.
The time-averaged O/F method was used to reduce the complexity of the implemented
model and also aid for numerical convergence. Once the mass flow and consumed masses
were calculated as described above, the instantaneous longitudinal mean of the regression
rate was calculated from the rate of fuel mass depletion as:

ṙL (t) =

ṁf uel (t)
2πρf uel rL (t)L

(2.7)

In Equation 2.7 ρf uel is the solid fuel density, L is the fuel grain burn length, and rL is
the longitudinal mean of the fuel port radius. Integrating Equation 2.7 from the initial
condition to the current burn time solves for the instantaneous longitudinal mean of the
port radius and cross-sectional area:
s
rL (t) =

r02

+

1
π · ρf uel · L

Z

t

ṁf uel (τ ) · dτ
0

(2.8)
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Ac (t) = πr2L (t)

(2.9)

In Equation 2.8 r0 is the initial fuel port radius at the beginning of the burn. The terminal
cross sectional area of the fuel port is:

Ac (tburn ) = πr02 +

∆Mf uel (tburn )
ρf uel L

(2.10)

The time-averaged fuel regression rate over the duration of the burn is calculated by:

¯ṙ =

∆Mf uel (tburn )


+r0
rt
2πρf uel L burn
tburn
2

(2.11)

The time-averaged- oxidizer mass flux, total mass flux, equivalence ratio, and effective
specific gravity of the propellants are estimated by:

Ḡox =

Ḡtotal =

R tburn

1

0

tburn
R tburn

1

0

tburn

!

ṁox (t) · dt
∆Mf uel
+
Ac (t)
Ac (tburn )

(2.12)

!
(2.13)

(O/F )stoichiometric
(O/F )test

(2.14)

sgox · sgf uel · (O/F + 1)

sgf uel · O/F + sgox

(2.15)

Φ=

sg =

ṁox (t) · dt
Ac (t)

For this discussion, the specific gravity is calculated based on the propellant density
relative to the weight of water at 20 °C. For GOX flow, the specific gravity is based on
mean tank storage density as calculated using the ideal gas law. For Nytrox flow the
Peng–Robinson model was used to calculate the oxidizer specific gravity. The stoichiometric
O/F ratio for each propellant combination was calculated using CEA [16]. The 1-dimensional
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de Laval flow equations were used to calculate the thruster performance parameters. Thrust
and thrust coefficient were calculated from chamber pressure as:

s
Fthrust = P0 A∗ 

2
γ−1



s
Fthrust
CF =
=γ
P 0 A∗

2
γ−1


 γ+1 
 γ−1 


γ−1
γ
2
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pexit − p∞ 
Aexit
1−
+
(2.16)
∗
γ+1
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A
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 γ+1 
 γ−1 


γ−1
pexit γ
Aexit
pexit − p∞
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+
(2.17)
P0
A∗
P0

Specific Impulse, Characteristic Velocity, and Impulse density were calculated as:

Isp =

Fthrust
g0 ṁtotal

(2.18)

P 0 A∗
ṁtotal

(2.19)

C∗ =

ρIsp = sg · g0 · Isp

(2.20)

In Equations 2.18 and 2.20 g0 is normal acceleration of gravity at sea level, 9.8067 m/s2. The
thrust coefficient CF and specific impulse Isp were also calculated directly from the thrust
sensed by the test stand load cell. Values calculated from both sources will be presented
later in order to support the verisimilitude of the collected test data.
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CHAPTER 3
DESCRIPTION OF TEST CAMPAIGN
This section discusses the approach for the research. The section discusses the layout
and capabilities of the thruster testing apparatus. The data analysis methods and equations
are discussed. The catalytic ignition methods are discussed, including external arc-ignition
catalyst bed, the internal catalyst bed, and the catalyst-infused fuel grain. Additionally,
the thermal decomposition ignition using a high-power power supply, as well as a GOX
pre-lead with a three-way valve and two ball valves will be discussed.

3.1

Test Cart
This section describes the testing apparatus for the thruster. The test stand consists of

an inverted pendulum-style thrust sled mounted on a rolling cart. Mounting the test stand
on a rolling cart allows it to be easily moved to the propulsion test cell. The test sled is
attached to a load cell so the thrust from the motor is measured in a single direction.
The inverted pendulum is created by mounting a T-slot bar on two slim aluminum
flexures. The aluminum flexures allow elastic deformation to transfer the thrust to the load
cell. The load cell is attached to the sled and a solid beam by two ball joint connections.
This allows thrust to only be measured on a single axis.
Pressure transducers are also included in the plumbing to take pressure measurements
in the oxidizer lines, directly before the injector, and in the chamber. These pressures are
critical in mass flow, thrust, specific impulse, thrust coefficient, and characteristic velocity
calculations.
The high voltage power supply monitors the output voltage and current used for
ignition. The Nytrox mass flow is measured using a scale that communicates with the
LabView program via a serial connection.
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3.2

Ignition Method Testing
This section describes the approach for the ignition method testing campaign. The

ignition methods are divided into two methods: Catalytic Ignition and Thermal Decomposition.
Results from a series of static hot-fire tests will be presented. To establish the performance
baseline, test results for a traditional lab-scale HPGHP arc-ignition thruster using GOX/ABS
as propellants will be presented first. Second, static-fire results using Nytrox as the oxidizer
with a traditional external ruthenium on alumina catalyst will be presented. Here, the
catbed acts as a catalytic assist, with arc-ignition being the primary ignition source. Nytrox
is simply a dense blend of nitrous oxide and GOX. Catalyst-infused fuels exhibit a slightly
reduced performance level but with a significantly increased overall system volumetric
efficiency. All applications use a ruthenium on alumina catalyst. As discussed in the
introduction, this is a common catalyst for decomposing nitrous oxide. The ruthenium
requires a lower activation energy compared to other similar catalysts to decomposed nitrous
oxide.

3.2.1

Catalytic Ignition

All the catalytic ignition methods include a catalyst and an energy source to apply the
ignition energy. This paper investigates a heated catalyst bed, an arc-ignition catalyst bed,
an embedded catalyst bed, and a catalyst-infused fuel grain.
Each proposed application to be investigated shows a simple piping diagram and
discusses the application and its integration on the test cart.

Arc-Ignition CatBed
This catalytic ignition method houses the catalyst in an external catbed. The catbed
must withstand high temperatures and an oxidizing environment. Because of this, 300
series stainless steel was selected as the catbed material. A modified arc-ignition cap is
used to apply the activation energy to the catbed. A stainless steel cross fitting connects
the external catbed to the motor injection port. A 500psi relief valve is attached to another
port in the cross fitting to prevent detonation of the catalyst bed or motor in the event of a
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serious nozzle or plumbing clog. Figure 3.1 shows the piping and instrumentation diagram
for the arc-ignition catbed system.

Fig. 3.1: Arc-ignition catbed system piping and instrumentation diagram.

Any external catbed method will face mass and volume changes if implemented into a
SmallSat. The catbed itself increases the dry mass and volume of any propulsion system
that uses the arc-ignition catbed as the the ignition method. Additionally, the life of the
system could be dependent on the longevity of the the catalyst if it is consumed during
firing.

Embedded Catbed
The embedded catbed attempts to improve on the key drawbacks of the the arc-ignition
catbed. The catbed is smaller and mounted in the fuel grain itself. Again, the catbed is
machined out of stainless steel. The fuel grain is additively manufactured with a channel to
house the catbed. The catbed houses approximately two grams of catalyst pellets. Figure
3.2 shows the piping and instrumentation diagram for the embedded catbed system.

Fig. 3.2: Embedded Catbed system piping and instrumentation diagram.
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This configuration has a shorter fuel grain length, which lends itself well to the use
of Nytrox as the oxidizer. Nytrox burns fuel rich when compared to oxygen, so a shorter
combustion port will increase the oxidizer to fuel ratio.

Catalyst-infused Fuel Grain
The Catalyst-Infused Fuel Grain (CatGrain) uses custom made 3D printer filament
that is an ABS base infused with the ruthenium on alumina pellets that have been ground
up into a powder. A detailed description of the filament manufacturing process is provided
later in this chapter. Figure 3.3 shows the piping and instrumentation diagram for the
CatGrain system.

Fig. 3.3: CatGrain motor system piping and instrumentation diagram.

The CatGrain improves on the embedded catbed by evenly distributing the catalyst
throughout the fuel grain. This approach ensures that there will always be catalyst available
for ignition if there is fuel available. The complexity of the system also decreases as it is
a true drop-in replacement of the GOX-ABS system. The CatGrain motor is the optimal
choice with regard system simplicity, and will therefore be the focus of this research after
the preliminary qualitative testing of all systems. The CatGrain will be tested using 1%,
2%, and 5% catalyst by weight. additionally, a CatGrain will be created using 0.25% pure
ruthenium as an additive as opposed to ruthenium on alumina catalyst pellets used in the
fuel grains.
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3.2.2

Thermal Decomposition

The thermal decomposition of Nytrox using a higher power arc-ignition power supply
is a simple variation with only a larger power supply. The thermal decomposition with
GOX pre-lead applications are using a three-way motorized ball valve configuration and a
double pneumatic solenoid ball valve configuration. The motor ignites using oxygen, then
transitions to Nytrox after a stable combustion has been achieved. The existing combustion
thermally decomposes the Nytrox as it is injected, and then the released oxygen burns with
the ABS fuel grain. Two tanks is not conducive to a volumetrically efficient propulsion
system.

High Power Thermal Decomposition
The high-power thermal decomposition configuration uses a power supply that produces
125 W during the arc-ignition as opposed to the typical 30 W used in other configurations.
The implementation into the system is simple as it is a drop-in replacement of the standard
power supply. Figure 3.4 shows the piping and instrumentation diagram for the high power
thermal decomposition system.

Fig. 3.4: High Power Thermal Decomposition system piping and instrumentation diagram.

Three-Way Motorized Ball Valve
The three-way motorized ball valve is an effective method to automate the transition
from GOX to Nytrox during combustion. This enables a seamless transition and continuous
burn. However, the three-way motor valve does not allow for simultaneous flow of both GOX
and Nytrox. Figure 3.5 shows the piping and instrumentation diagram for the three-way
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motorized ball valve system.

Fig. 3.5: Three-way motorized ball valve system piping and instrumentation diagram.

Double pneumatic Ball Valve
The double pneumatic ball valve configuration is very similar to the three-way motorized
ball valve. Using two pneumatic ball valves makes it possible to allow flow of both oxidizers
at once, which aids in combustion stability during the transition from GOX to Nytrox.
Figure 3.6 shows the piping and instrumentation diagram for the double pneumatic ball
valve system.

Fig. 3.6: Double pneumatic solenoid ball valve piping and instrumentation diagram.

3.2.3

CatGrain Testing Summary

After the preliminary/feasibility testing of all other methods, an in-depth testing
campaign for the CatGrain approach will be conducted. The Testing will focus primarily on
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Table 3.1: CatGrain Test Campaign Matrix
Grain Composition

No. of Grains

Ignition Tests

Performance Tests

ABS/GOX Baseline

3

4x3 seconds (2 grains)

1x8 seconds (1 grain)

ABS/Nytrox Baseline

3

4x3 seconds (2 grains)

1x8 seconds (1 grain)

1% Ru/AL2 O3

3

4x3 seconds (2 grains)

1x8 seconds (1 grain)

2% Ru/AL2 O3

3

4x3 seconds (2 grains)

1x8 seconds (1 grain)

5% Ru/AL2 O3

3

4x3 seconds (2 grains)

1x8 seconds (1 grain)

0.25% Ru

3

4x3 seconds (2 grains)

1x8 seconds (1 grain)

comparing varying degrees of catalyst infusion. The expected test range will be from 0% to
5% catalyst by weight, with an additional set of tests using a CatGrain infused with 0.25%
pure ruthenium. This comparison will show an optimal catalyst infusion degree with respect
to manufacturing, ignition energy, and ignition latency. Table 3.1 shows the CatGrain test
campaign matrix.
Table 3.2 summarizes the advantages and disadvantages of the propellants.

It is

expected that the catalyst-infused fuel grain will improve the ignition of Nytrox in the
hybrid rockets by decreasing the energy required and decrease the ignition latency time.
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Table 3.2: CatGrain Test Campaign Matrix
Propellants

Advantages

Disadvantages

GOX/ABS

Outstanding combustion
stability

Low oxidizer
density/propellant

Good ignition reliability

specific gravity

Low ignition energy

Poor impulse density

/c* compared

Higher Isp
Nytrox/ABS
Nytrox(88%)
/ABS

to

Increased oxidizer
density/propellant specific
gravity

Lower Isp /c* compared to
GOX/ABS

Good impulse density

High ignition energy

Simplicity of fuel fabrication

Slight to moderate injector
feed coupling instability
potential
Poor ignition reliability

Nytrox(88%)
/ABS/Ru/Al2 O3

Good ignition reliability

Complex fuel fabrication
process

Reduce ignition energy
compared to Nytrox/ABS

Slightly lower Isp /c* compared
to Nytrox/ABS

Reduced ignition latency

Increased burn-to-burn
impluse inconsistency

Increased system specific
gravity
Good impulse density
Reduced injector feed
coupling

3.3

Catalyst-Infused Additive Manufacturing Feed Stock
This chapter discusses the development process for catalyst-infused ABS additive manufacturing

feed stock filament. This process is critical to the development of a Nytrox propulsion
system that can be a simple drop-in replacement of a GOX propulsion system without
ignition latency or increased ignition energy.
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3.3.1

Previous ABS Feed Stock Infusion Methods

This section discusses other methods used to apply additives to ABS three dimensional
printing feed stock. Whitmore et al analyzed the results of infusing varying amounts of
copper as an additive in ABS hybrid rocket fuel grains [17]. The study indicated anecdotally
that the inclusion of copper can increase the fuel regression rate of a hybrid rocket. They
produced the filament by cryogenically grinding ABS pellets into a fine powder. Next, the
proper amount of copper is added to the ABS. The mixture of ABS and copper powders
is extruded into a filament. The cryogenic mixing adds an additional level of complexity,
however, the results show that it is certainly a viable option.
In preliminary testing for this research, graphite was infused into ABS filament simply
by mixing the appropriate amount of graphite in a plastic bag with ABS pellets. The
graphite is light enough to coat the pellets. When extruded using a Filabot EX2 extruder,
the resulting filament has a uniform grey color with no apparent weak spots and no increased
brittleness.
Due to the successful graphite filament production, a similar approach was first attempted
using finely milled ruthenium on alumina powder. The results using the milled catalyst
pellets was less successful in that the powder did not effectively coat the ABS pellets,
instead it slowly settled to the bottom of the bag. Despite the settling, a small amount
of filament was still extruded. The extruded filament was not as uniform in color as the
graphite-ABS filament. It is assumed that the powdered catalyst settled to the bottom of
the hopper during the extrusion process, resulting in a higher concentration of catalyst at
the beginning of the filament extrusion process.
Urrutibeascoa et al studied the effects of recycling ABS through dissolution in acetone.
The team determined that negative effects on the strength of the recycled ABS is existent
but not significant [18]. This led to mixing the powdered catalyst into an ABS-acetone
slurry, then allowing the acetone to evaporate from a silicone sheet. The catalyst powder
suspended more evenly in the slurry than on the solid ABS pellets. When the acetone
evaporates, the catalyst powder is left suspended in the solid ABS.
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Some potential issues arise with the use of the ABS slurry. The acetone must evaporate
completely before the ABS chips can be fed through the Filabot. In some attempts, the
filament produced by the ABS without total acetone evaporation puffed up as it passed
through the extrusion nozzle as the remaining acetone quickly evaporated. This led to
extremely porous filament that was too large to use in the 3D printer.
Creating the acetone slurry was selected as the method to combine the catalyst and the
ABS due to the simplicity of the required equipment. Additionally, it is a viable method
for ABS filament recycling.

3.3.2

Catalyst Infused ABS Manufacturing Process

This section describes the final manufacturing process that was developed for the
infusion of catalytic additives. The steps, although many, are simple, inexpensive and
produce positive results.

The additives are encased in the solid ABS, thus providing

a consistent, homogeneous, final filament feed stock. The figure 3.7 provides a general
summary of the manufacturing process.

Additive Infusion
The first step is to dissolve the ABS in acetone to create an ABS slurry. If there is not
enough acetone, the slurry is difficult to stir and handle. If there is too much acetone in
the slurry, then it is too runny and the ABS sheet is too thin when the acetone evaporates.
Through trial and error, the desired ratio is 6 ml of acetone for every gram of ABS.
Before use, it is important that the powdered catalyst (or any additive) be passed
through a sieve with grates smaller than the extrusion nozzle used on the 3D printer. This
significantly reduces clogging during the printing phase. Additionally, the finer powder
suspends more evenly and settles slower in the ABS slurry.
After the the ABS is completely dissolved in the acetone, the desired amount of milled
catalyst powder is mixed into the slurry. The slurry is immediately poured out onto a
silicon sheet to prevent the ABS from sticking as the acetone evaporates. The catalyst
powder settles somewhat as the acetone evaporates, however, a fairly wide sheet ensures
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Fig. 3.7: Catalyst-Infused Filament Manufacturing Process.
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that although the powder settles, the catalyst is still distributed evenly throughout the
ABS.
When the acetone has evaporated to the point that the ABS is rigid as shown in figure
3.8, then the ABS sheet can be cut into smaller sheets that are more manageable for the
bake out acetone evaporation. The smaller sheets, are then baked out in an oven overnight
to evaporate the remaining acetone. For the overnight bake out, the oven is set to 80 °C,
which is the glass transition temperature of ABS. This allows the acetone to exit through
the softened surface of the ABS sheets but prevents the sheets from deforming significantly.

Fig. 3.8: Sheet of ridged ABS in silicon sheet after initial acetone evaporation.

In previous iterations of the manufacturing process, the bake out period had been
omitted or shortened. Omitting the bake out completely results in unusable filament, as
mentioned is section 5.1. Additionally, the acetone causes the ABS to soften at a lower
temperature, causing difficulty in feeding the ABS pieces from the hopper of the Filabot to
the extrusion nozzle. A shortened bake out period results in acceptable filament, but it is
rough and has poor density. As the filament goes through the hot end of the 3D printer,
which is hotter than the filament extrusion nozzle, the last bit of acetone evaporates. This
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causes the rough finish of the final print and also the low density of the final fuel grain.
After the ABS sheets have been baked out, they are put through a modified crosscut paper and credit card shredder. The modifications on the shredder allow the ABS
sheets, which are sometimes thicker than originally allowed through the shredder, to be fed
through the shredding blades. The cross cut feature of the shredder cuts the ABS pieces
small enough to be put through the mill.
A mill is used to cut and grind the ABS pieces even smaller so that they can be
effectively sent through the hopper and auger feed system of the Filabot. The mill only
needs to run from ten seconds. Due to the small size of the mill’s chamber, several runs are
required for a single spool of infused ABS filament. In previous attempts, unmilled ABS
would not pass through the feed system auger of the Filabot.

Filament Extrusion
Once the additive infused ABS is in pieces that are fine enough to be fed through the
Filabot by the auger, the filament extrusion process can begin. The filament extrusion
process is simple. The extrusion nozzle temperature is set to 180 °C, which is within the
standard range of extrusion for ABS. Figure 3.9 shows the Filabot Ex2 extruder prepared
for filament extrusion.
The extrusion process is coupled with the spooling process. The filament extrudes from
the extrusion nozzle at a rate controlled by the feed auger speed. The filament goes from
the extrusion nozzle to the spooling apparatus. The hot filament cools as it moves through
the air between the extruder and the spooler. The spooling speed can be set independent
of the extrusion speed. Care must be taken during the extrusion process to ensure the
spooling speed matches the extrusion speed well; otherwise, the filament can drag on the
table and draw too thick or carry too much tension and draw too thin.
When stock ABS pellets are used for filament extrusion, the speed is fairly constant
and few speed adjustments are necessary during the filament extrusion process. Due to the
bubbles and pockets in the ABS sheet left behind by the evaporated acetone, the density
is not as consistent through the ABS pieces in the hopper. The shredder aids somewhat
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Fig. 3.9: Filabot Extruder with set extrusion temperature and filled hopper.
in pressing out the bubbles; however, the density inconsistencies remain. Issues due to the
density inconsistencies in the extrusion material can be mitigated by closely monitoring the
extrusion process and maintaining the proper tension in the filament between the extrusion
nozzle and the spooler. Figure 3.10 shows the Filabot setup during the filament extrusion
process.

Fuel Grain Printing
After the catalyst-infused filament has been extruded and spooled, then it can be loaded
into the the 3D printer for the fuel grain printing. The printer used for this research is the
Creality Ender 3 Pro. A custom case is used to maintain the printer temperatures. The
catalyst-infused prints best from 230 to 240 °C, which is the upper operational range of the
printer components. The printer bed is sent to 80 °C. Figure 3.11 shows the printer setup
during a print.
A common issue when printing any type of ABS feed-stock filament is warping and
bed adhesion. Due to the thermal properties of ABS, it is more prone to warping during
printing than other common 3D printing materials. The warping can easily result in loss of
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Fig. 3.10: Filabot extruder and spooler during extrusion process.

Fig. 3.11: Creality Ender 3 pro printer in custom case.
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adhesion between the print and the print bed. These issues are, to some extent, exaggerated
in custom-made, additive-infused ABS feed-stock filament.
To combat the loss of adhesion, a thin coat of ABS-acetone slurry is applied to the print
bed after it has reached temperature. The slurry is prepared with a low ABS to acetone
ratio. The exact ratio has little effect on the performance, but a thinner slurry lends itself
well to application to the printer bed. A paintbrush is used to apply the think coat to the
printer bed. The acetone in the slurry evaporates quickly off the heated bed, leaving a think
layer of softer ABS. The ABS from the printer extrusion nozzle adheres much better to the
residual ABS from the slurry than it does directly to the glass bed.
Due to the additives, an alternative extrusion nozzle for the printer hot end is used.
Printers can use varying nozzle sizes, typically from 0.2mm to 1.0mm.

To allow any

potentially large catalyst particulates to pass through the nozzle without issue, a 1.0mm
nozzle is used. This provides some particulate size margin as the sieve that the catalyst
powder is passed through has a mesh hold diameter of 0.76mm. This ensures that nozzle
clogging due to additive particulate size is not an issue during printing.

3.3.3

Catalyst Infused ABS Fuel Grain Manufacturing Results

This section presents the results of the creation of catalyst-infused fuel grains. A
summary of the results of the process is presented. The quality of the printed CatGrains is
observed qualitatively. The key measurement take for each fuel grain is the ”print density.”
Print density is the effective density of the fuel grain as a whole and is not necessarily
reflective of the material itself.

Qualitative Observations of Printed Fuel Grains
Generally speaking, the fuel grain manufacturing process is smooth and successful. The
filaments resulting from the process were near the proper diameter and adjustments could
be made on the printer to offset any small issues with the catalyst-infused filament feed
stock. The primary shortcoming observed is that the 5% catalyst filament was unprintable.
The filament quickly clogged the nozzle in each of the approximately ten print attempts.
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In the ten print attempts, the standard print settings were used multiple times. Additionally,
the temperature was varied down to several different temperatures, all resulting in the same
clogging behavior.
Upon inspection, the clogging was due to a large piece of filament that is only partially
melted for extrusion. This type of clogging is typically caused when the printer extrusion
temperature is incorrect. In some cases it can happen when the extrusion nozzle is too
hot. The filament melts too quickly and pools, when it cools again before passing through
the extrusion nozzle, the cooled filament is then pushed into the nozzle, resulting in a clog.
This is likely not the case as prints failed from temperatures of 200-240 °C.
A more likely explanation is that the printer extrusion nozzle is not hot enough. The
lower heat causes only some of the filament to be softened enough to pass through the
extrusion nozzle, while the unsoftened portion of the filament slowly builds up as the
filament flows through the nozzle, until it clogs the nozzle completely. Because the printer
is already operating at the upper limits of its temperature range, this hypothesis could not
be accurately tested.
The 1% ruthenium on alumina catalyst filament printed well without issue. When the
2% ruthenium on alumina catalyst filament was used to print fuel grains, there were three
clogging instances, but enough grains could still be printed using the filament spool. The
0.25% ruthenium filament printed without incident. Because of this, the likely cause of the
printing issues with the 5% catalyst filament is the increasing alumina concentration. The
alumina has a higher thermal conductivity, and therefore requires greater heat from the
printer hot end to heat up the ABS to where it can flow properly.
Another characteristic of the additive-infused ABS is thin cracks between levels of the
ABS. These cracks had no observable effect on the performance of the fuel grains. It is,
however, worth noting because these cracks were present in some degree in all fuel grains
using any amount of additive, ruthenium or catalyst.
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Fuel Grain ”Print Density”
The ”print density” is not necessarily related to the true material density. While the
density of the catalyst-infused ABS should increase with additive infusion fraction, this does
not follow the trend of the actual material. The print density is related to how well the
printer fills in the volume of the print. A decrease in print density is expected when using
a larger extrusion nozzle as compared to a finer extrusion nozzle.
Another factor that can affect the print density is fluctuations in the filament diameter.
Commercially available 3D printer feed-stock filament is well-controlled in the diameter so
with typical prints, it does not affect the print density. With custom catalyst-infused ABS
filament, as mentioned previously, the diameter has the potential to vary more significantly
as the extrusion material varies in density. When the filament density varies, the ABS mass
flow through the printer changes, resulting in print lines that do not quite connect. When
the print lines do not connect, the holes result in decreased print density.
The filament feed rate of the printer can be modified to account for the thinner filament;
however, it is difficult to monitor the filament diameter constantly and adjust the flow as
necessary. Some fuel grains have different flow rates throughout the print which also causes
the significant variation in print density. The print density is shown in table 3.3. The tables
shows the print density for each fuel grain printed and the average for each filament. The
fuel grain serial number is the filament identifier followed by a grain number. ABS is pure
ABS, ABSC1 is ABS with 1% catalyst, ABSC2 is ABS with 2% catalyst, and ABSR is ABS
with 0.25% pure ruthenium powder.
The table shows little correlation between the additives and the print density. Ideally,
there would be a correlation; however, the variability in the filament, although small, have
enough of an effect to disrupt the expected correlation.
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Table 3.3: CatGrain Print Density
Fuel Grain Serial Number

g
Fuel Grain Print Density ( cm
3)

ABS-1

0.9471

ABS-2

0.8888

ABS-3

0.8877

ABS-4

0.8181

ABS-5

0.8194

ABS-6

0.8814

ABS-7

0.8786

ABS-8

0.8206

ABSC1-1

0.9964

ABSC1-2

0.9562

ABSC1-3

0.9943

ABSC1-4

0.9580

ABSC2-1

0.8950

ABSC2-2

0.8662

ABSC2-3

0.8911

ABSR-1

0.9170

ABSR-2

0.9176

ABSR-3

0.8233

ABSR-4

0.8008

3.4

Filament Average

0.8677

0.9451

0.8841

0.8647

Operation Parameters
This section discusses the operation parameters of the thrusters used for all tests.

As will be discussed in the next section, the nozzle erosion led to some variability in the
GOX/ABS tests; however, the parameters of the test setup overall were standard across all
tests. Table 3.4 shows the hardware and flow parameters.
Maintaining standard parameters as shown in the table above provide uniformity and
ease through the testing campaign; however, it does present a new issue of O/F ratio. The
flow rates through the injector are fairly similar between GOX and Nytrox. This leads
to similar O/F ratios for both motors; however, GOX and Nytrox have different optimal
O/F ratios with respect to performance. The the operational O/F is between the optimal
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Table 3.4: CatGrain Test Campaign Motor Parameters
Parameter

Nominal Value

Thrust

8N

Injector Dia.

0.118 cm

Nozzle Throat Dia.

0.237 cm

Inector Feed Pressure

250 psia

O/F of GOX and Nytrox but is more favorable for the Nytrox system. This causes the
characteristic velocity (C*) results to show higher values in the Nytrox tests than the GOX
tests. This would not be the case for motors using the optimal O/F in both cases. The C*
is a good metric for motor performance as a higher C* value for a motor relates to higher
combustion efficiency.
Figure 3.12 shows the theoretical C* for each fuel grain as a function of O/F calculated
using CEA [16]. The vertical lines show the operational range of O/F for all tests in
the test campaign. The peaks in the curves for each propellant combination shows the
optimal O/F ratio for the best performance. The GOX curve is shifted to the left from
the Nytrox curves, which indicates a lower O/F ratio for best performance than the Nytrox
propellant combinations. Also of note is that when the motors are operating at identical
design conditions and O/F ratios, the C* curves intersect so performance can be better with
Nytrox than GOX, despite GOX being a better oxidizer and having a higher peak C*. It
also shows that little difference can be expected between the CatGrain motor with regards
to C* performance.
This nozzle erosion also impacts the C* performance in the GOX/ABS tests. The
erosion leads to lower chamber pressures. After the O/F increases beyond the optimal
mixture, the performance becomes increasingly dependent on pressure. Figure 3.13 Shows
the C* for both GOX/ABS and Nytrox/ABS at pressures varying from 40 to 800 psi.
The fuel rich portion of both curves before the peak contains little variation between the
individual pressure curves. At and beyond the optimal O/F for each propellant combination
the C* decreases noticeably with decreasing chamber pressure.
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Fig. 3.12: Characteristic velocity as a function of O/F and the campaign operation O/F
ratio at the nominal chamber pressure of 175 psia.
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Fig. 3.13: Characteristic velocity as a function of O/F and the campaign operation O/F at
varying pressures from 40-800 psi for both GOX/ABS and Nytrox/ABS.
Figure 3.13 also shows that more variation is expected with pressure in GOX/ABS
tests than in Nytrox/ABS tests. This is again because the operating O/F for the campaign
contains the lean portion of the GOX/ABS C* curve and the rich portion of the Nytrox/ABS
curve.
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The operating O/F combined with the nozzle throat erosion provide a two-faceted
decrease in performance for the GOX/ABS motor which could lead to inaccurate assessment
of the test results, if not acknowledged.
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CHAPTER 4
RESULTS AND DISCUSSION
This chapter presents the results of the feasibility testing and CatGrain testing campaigns.
First, a discussion of the feasibility followed by the CatGrain testing data. Incidences of
nozzle erosion were observed during the test campaign, and the nozzle erosion causes and
implications are discussed. Finally, the performance of the CatGrain motors at varying
levels of catalyst infusion are compared with each other, and a GOX/ABS baseline are
discussed.

4.1

Feasibility Testing Results
This chapter presents the basic tests used to determine the feasibility of all ignition

methods. The number of tests repeated for each method varied based on success, as well as
other logistical items. The data were analyzed as much as possible, but the feasibility test
results were primarily qualitatively based on ignition reliability as well as system simplicity.

4.1.1

Catalytic Decomposition Methods

The catalytic ignition methods tested are the arc-ignition catbed, the embedded catbed,
and the CatGrain. This section discusses the results of each of these ignition methods
highlighting advantages and disadvantages of each.

Arc-Ignition Catbed
The first catalytic decomposition ignition method attempted is the arc-ignition catbed.
This system was only tested once. The test showed positive results but suffered from the
same issues present in most catbed systems; the long start up time was unacceptable.
The startup took longer than the pulse duration at ten seconds, and true ignition was not
achieved. Figure 4.1 shows the catbed temperature and chamber pressure profiles over a
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seven second burn. The chamber pressure rises too slowly to be a reliable ignition method.
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(a) Arc-ignition catbed temperature profile.

(b) Arc-ignition catbed chamber pressure
profile.

Fig. 4.1: Arc-ignition catbed test results

The temperature of the catalyst bed increased during the pulse, and the chamber
pressure in the thruster also increased but very slowly. This shows that the Nytrox was
decomposing, but no combustion actually took place. This is likely due to the flow through
the stainless steel cross fitting. The heat from the decomposing Nytrox is lost as it flows
from the catbed to the motor through the fitting.
While the external arc-ignition catbed is clearly not a viable option for a Nytrox ignition
method in a SmallSat, the successful decomposition of the Nytrox using the arc-ignition
system led to the development of the other more successful catalytic ignition methods.

Embedded Catbed
After the successful catalytic decomposition of Nytrox using the arc-ignition system,
the objective was to created a more SmallSat-friendly method and to, of course, decrease
the smolder time before true combustion. The next method tested is the embedded catbed.
As discussed in chapter 2, the embedded catbed configuration has a catbed mounted inside
the motor casing, embedded in the fuel grain itself.
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The first tests using this method were unsuccessful because the dwell time in the
catalyst bed was too short. To combat this issue, the nozzle throat diameter was decreased
from 0.125 in to 0.094 in to reduce the exit mass flow from the motor. This also increased
the chamber pressure before combustion, which aided in the ignition. Figure 4.2 shows
the chamber pressure profile of an embedded catbed hot-fire test. The chamber pressure
transducer has a relief valve set at 200 psi, which is the cause of the erratic profile. The
long startup is evident on the plot.

Fig. 4.2: Chamber pressure profile of a embedded catbed test.

This ignition method also had a significant smoldering time, however it was much
shorter than the external catbed. Another issue that is present in this configuration is the
embedded catbed seat melts during the burn. The small embedded catbad is constructed
from stainless steel. The stainless steel gets extremely hot during combustion and deforms
the catbed seat in the fuel grain. The catbed moves off of the fuel grain port axis which
negatively affects the flow of the fuel. Figure 4.3 shows the cross section of the fuel grain
after a burn. The deformation in the catbed seat is also visible as the seat is no longer
perpendicular to the combustion port.
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Fig. 4.3: A cutout view of the embedded catbed fuel grain after a burn.
CatGrain
The CatGrain is an impressive improvement over the embedded catbed configuration.
The ignition latency is nearly eliminated, and there is no smoldering before full combustion,
even at low catalyst infusion levels. The ruthenium present in the arc track likely vaporized,
instantly catalyzing and decomposing any Nytrox it comes in contact with, beginning the
change reaction that releases oxygen and begins combustion.
Due to its reliability and responsive ignition, the CatGrain is selected as the optimal
solution with respect to simplicity and ignition reliability. A more in-depth testing campaign
of the CatGrain using varying degrees of catalyst infusion is discussed in the next chapter.

4.1.2

Thermal Decomposition Ignition

This section describes the preliminary testing results using the thermal decomposition
methods. The first thermal decomposition methods use a 125 W high-voltage power supply
for the arc ignition to thermally decompose the Nytrox as it enters the motor. The final two
methods use a GOX pre-lead. The first GOX pre-lead configuration uses a single three-way
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motorized valve to transition the oxidizer from GOX for ignition to Nytrox during the burn.
The second method uses two on-off pneumatic solenoid valves, one on each oxidizer line, to
open and close each oxidizer line individually to transition between oxidizers.

High Power Arc Ignition
The high power arc ignition method uses identical plumbing to the GOX baseline
system, however the high voltage power supply is switched with a unit that supplies 125
W as opposed to 30 W. This increase in power output should increase the temperature of
the arc track in the ABS, resulting in a higher likelihood of thermal decomposition of the
Nytrox as it flows into the motor. The results of the tests were mixed. The ignition was
successful only half of the time. When ignition was achieved, there was no ignition latency.
The drawbacks to this method are the higher ignition energy and power required and the
remaining lack of reliability. The higher ignition power can be overcome if it provided a
considerably more reliable system. However, due to the lack of ignition reliability, this
system was only used in a limited range of testing.

Three-Way Motorized Ball Valve
The GOX pre-lead improves ignition latency and overall ignition reliability. A very
early method that was attempted as a proof of concept for the GOX pre-lead ignition was
to fill the run-line with GOX but switch the oxidizer line back to Nytrox. This provided
a short, uncontrolled burst of oxygen for ignition but quickly changed to Nytrox for the
majority of the burn. The results showed the feasibility of the system; however, successful
burns only occurred approximately half of the time. This showed that for the thermal
decomposition ignition, the GOX pre-lead needs to be controlled somehow.
The three-way motorized ball valve is the first configuration attempted to implement a
controlled and automated GOX pre-lead. The valve motor is electric and moves relatively
slow. The transition time from one arm of the tee to the other is 11 seconds. To implement
the motorized ball valve with this transition time, the valve transition is actuated before the
actual burn begins. While the actuation lead time can be adjusted, this limits the control
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on the GOX pre-lead profile.
The three-way motorized ball valve configuration works acceptably well. The long
valve actuation time limits the effectiveness of the setup; however, it does demonstrate the
feasibility of the GOX pre-lead better than simply filling the lines of the system with oxygen.
The ignition is consistently successful as it uses GOX as the ignition oxidizer. There were
occasionally instances where the transition from GOX to Nytrox was unsuccessful. This
was attributed primarily to the slow valve actuation time.

Double Pneumatic Solenoid Valve
The double pneumatic solenoid valve configuration was the second attempt at a GOX
pre-lead ignition. This system provides a theoretical improvement in control of the pre-lead
characteristics. One such improvement is the ability to flow GOX and Nytrox simultaneously.
The primary idea of this is to provide a GOX and Nytrox flow overlap period to help stabilize
the transition.
Both oxidizer lines have regulators. To allow the Nytrox to slowly starve off the GOX
flow when both oxidizer valves are open, the GOX regulator is set lower than the Nytrox
regulator. This was effective in practice; additionally, successful burns using an overlap
were nearly identical to successful burn using a hard oxidizer switch, meaning the Nytrox
valve opens at the same time as the closing of the GOX valve.
The ignition was reliable; however, there were instances where the Nytrox flow extinguishing
the GOX flame. This could certainly be mitigated with the timing and overlapping of the
valves. That being said, the risk would always remain a concern after observing the issues
in feasibility testing.

4.1.3

Ignition results summary

This section reiterates and compares the results of each method on a quantitative
basis. All methods tested are viable options and could be optimized and implemented into
a SmallSat propulsion system if necessary; however, not all are ideal. The primary goal
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Table 4.1: Preliminary Feasibility Testing Results
Ignition Method

Mass

Power

Volume

Reliability

Total

GOX Baseline

5

5

3

5

4.5

GOX Prelead

2

4

1

4

2.79

125W Direct Ignition

3

1

4

2

2.56

Embedded Catbed

3

4

5

3

3.67

Arc-Ignition Catbed

1

4

3

2

2.36

CatGrain

5

5

5

4

4.65

of the feasibility testing campaign is to qualitatively evaluate the ignition reliability and
power, system design simplicity, and system mass for each ignition configuration.
Table 4.1 shows the qualitative results of the feasibility testing campaign. For each
ignition configuration, each category is given a score between one and five, with five being
the best performance in that category. The GOX system baseline is also included in the
table as a comparison. The categories are weighted by importance for implementation in
a SmallSat propulsion system for a maximum total score of five. The mass and volume
categories account for total system mass and volume. Power and reliability relate to the
ignition power required and the reliability of ignition. The reliability score is also impacted
by the latency of the ignition.

4.2

CatGrain Testing
This section presents the results of the CatGrain testing campaign. First the observed

nozzle erosion is discussed. Next the results of the tests are presented. Of note is the fact
that there were no failed ignitions in the CatGrain test campaign. During the feasibility
testing, there were several occurrences of failed Nytrox ignitions, even during the GOX
prelead tests. The CatGrain campaign uses all in-house extruded filament. The lack of
complete ignition failures when using the filament from in-house as opposed to commercially
available ABS filament suggests that there are differences in the ratio of ABS constituents
between the filaments, or that perhaps the impurities from extrusion in the lab environment
act as additional catalysts for the Nytrox.
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4.2.1

Nozzle Erosion

This section discusses the erosion occurrences. The expected causes and the effects of
the erosion on the presented data are also addressed. The impacts and implications of the
nozzle throat erosion on the test campaign are discussed.
Again referring to figure 3.12, the GOX/ABS motor is operating is an fuel lean regime.
This leads to an oxidizing environment in the combustion chamber, and more importantly,
in the throat. Additionally, the flame temperature is higher during a lean burn. The
temperature increase at the nozzle throat.
In this motor configuration, the nozzle is constructed from graphite. Graphite is used
because of its high heat conduction. Typically, the high-heat conduction transfers the heat
out of the small throat section to the rest of the nozzle body, preventing the throat from
burning and eroding. The high temperature and oxidizing environment causes the nozzle
throat to begin eroding despite the thermal properties of the graphite.
In this test campaign, nozzle erosion is clearly present during the long duration burns
of GOX/ABS. Provided the operating O/F of the system, it is expected that the GOX/ABS
would display significant nozzle erosion.
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GOX/ABS long burn using fuel grain ABS8.

Fig. 4.4: Measured and calculated thrust in GOX/ABS long burn using fuel grain with
evident Nozzle erosion
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Nozzle erosion was less prevalent in the Nytrox burns of the campaign. The Nytrox/ABS
did not exhibit any nozzle erosion in the long-duration burn. The test using the 1% CatGrain
ABSC1-4 with nytrox did show erosion near the end of the long duration burn.
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Fig. 4.5: Measured and calculated thrust in CatGrain ABSC1-4 during an eight second
burn.

No other fuel grains showed any noticeable nozzle throat erosion.
A potential cause of the nozzle erosion in the case of fuel grain ABSC1-4 is the additives
in the fuel grain. If the catalyst pellets were not milled sufficiently, larger pieces of the
alumina that were still able to pass through the 3D printer extrusion nozzle could have
impacted the walls of the nozzle throat, which opened it up over time. Unfortunately, no
reliable conclusion can be drawn with regards to the nozzle erosion in with ABSC1-4 with
the Nytrox burn because it was not observed in any other CatGrain tests.
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(c) Measured and calculated thrust in a long
burn using fuel grain ABSR3.

Fig. 4.6: Measured and calculated thrust in fuel grains long burns using ABS6/Nytrox,
ABSC2-3, and ABSR3 fuel grains without evident Nozzle erosion
4.3

CatGrain Test Campaign Results
This section presents the results of the CatGrain test campaign. First, the performance

results are presented. As mentioned earlier, the performance of the GOX/ABS tests are
significantly hindered by the operation O/F ratio and the nozzle erosion, which is the cause
of some unexpected results. Next, the ignition performance results are presented. The
ignition performance parameters presented for all motors is the ignition energy and the
ignition latency.
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4.3.1

Burn Performance

The measured and calculated performance parameters that are presented are specific
impulse (Isp ), characteristic velocity (C*), and oxidizer to fuel ratio (O/F).
As shown in the following figures, the measured performance of each propellant combination
does not necessarily correlate with the catalyst infusion percent. Figure 4.7 shows the
average operation O/F for each ruthenium percentage. There is some variation in the O/F
for each infusion amount; however, there is not a strong correlation between the O/F and
the catalyst infusion amount overall. That being said, the slight decrease in O/F with
ruthenium infusion could be due to an increased regression rate caused by the increase in
conductive metal particles in the fuel grain.
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Fig. 4.7: Oxidizer to fuel ratio at each ruthenium infusion percent with nytrox and the
GOX baseline results.

Figure 4.8 shows the calculated specific impulse and 4.9 shows the calculated characteristic
velocity results from the CatGrain test campaign. As was mentioned in section 5.1 and
shown in figure 3.12, the characteristic velocity is not expected to vary significantly with
the variation of the catalyst infusion. There is variation in the characteristic velocity and the
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specific impulse, but, as expected, there is no strong correlation to the ruthenium infusion
amount.
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Fig. 4.8: Specific impulse at each ruthenium infusion percent with Nytrox and the GOX
baseline results.

4.3.2

Ignition Performance

As hypothesized, the ignition performance is more directly related to the ruthenium
infusion percentage of the CatGrain. The two primary ignition parameters investigated are
the ignition energy consumed and the ignition latency between the opening of the run valve
and the combustion of the motor.
Throughout the CatGrain test campaign, the ignition timing was held constant. The
ignition arc was powered for two seconds; the arc begins one second before the run valve
opens and continues for one second after. The ignition energy is calculated by integration
the power throughout the duration of the arc. Due to the nature of the arc [19], it is
possible for a high impedance track to be taken by the arc. This results in abnormally high
power consumption, or longer ignition latencies. Because of this, any values outside of a 2σ
threshold were omitted due to the low likelihood of the high impedance path to be used by
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Fig. 4.9: Characteristic velocity at each ruthenium infusion percent with Nytrox and the
GOX baseline results.
the arc again. Figure 4.10 shows both the energy consumption over time as well as the total
energy with ruthenium infusion. There is a decreasing trend in ignition energy required as
the ruthenium infusion increases.
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Fig. 4.10: Preliminary ignition energy analysis.
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Nytrox Test Results
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Fig. 4.11: Ignition latencey at each ruthenium infusion percent with nytrox and the GOX
baseline results.
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CHAPTER 5
CONCLUSION
Nytrox is an oxidizer that possesses several advantages for use in a hybrid rocket system.
These advantages include higher volumetric specific impulse, it is self pressurizing, and it
is safe to handle. A key drawback for the use of Nytrox in hybrid rockets is the difficulties
associated with ignition.
This thesis presents a study of ignition methods and configurations for a hybrid rocket
motor using Nytrox as the oxidizer. Several methods of ignition are investigated, including
thermal methods to decompose the Nytrox at ignition, as well as catalytic methods. The
thermal methods include a high-power arc and ignition using a pure GOX pre-lead, followed
by a transition to Nytrox as the primary oxidizer. The catalytic methods include using a
ruthenium on alumina catalyst. The catalyst is implemented in a stand-alone catbed, an
embedded catbed, and infused into a CatGrain.
Through the feasibility testing, it is determined that the CatGrain performs better
in several areas, including mass and volume of a system, and most importantly, ignition
reliability and power. Due to the success of the CatGrain, it was investigated further
to determine an ideal degree of infusion. The manufacturing process is presented for the
catalyst infused filament and the additive manufacturing of the CatGrains. Through the
testing campaign, it is determined that the optimal ruthenium infusion amount is 0.25% of
ruthenium without the alumina base.
The success of this catalyst-infused hybrid rocket fuel grain is groundbreaking. The
production of custom filament enables the use of additive manufacturing to produce many
variations of hybrid rocket fuels. Because many hydrocarbon polymers lend themselves well
to additive manufacturing, the infusion of catalytic additives to enhance the combustion of
higher density oxidizers can pave the way for hybrid rockets to be reliable and cost-effective
for many different SmallSat applications.
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5.1

Future Work
There are many potential follow-on investigations relating to this work. A wider range

of catalysts could be infused into the fuel grains to ensure that ruthenium is the best catalyst
for Nytrox. Alternatively, the CatGrains could be used to improve combustion of other
higher density oxidizers, such as high-test hydrogen peroxide (H2 O2 ). The use of higher
density oxidizers in SmallSats would dramatically improve the volumetric Isp, increasing
the propulsion capabilities and thereby the range of mission applications of SmallSats.
The CatGrain manufacturing process can be applied to the recycling of spent fuel
grains to produce and natural carbon infused ABS fuel grain. The process can also be
used with other printable plastics that are soluble in acetone to manipulate propellant or
mechanical properties of the printed product. If desired, the process could potentially be
used to produce small scale, 3D printed solid rocket motors by infusing oxidizing additives.
The applications for this newly-developed technology are broad but lends itself particularly
well to the innovation of propulsion capabilities for hybrid rockets at scales that are currently
lacking in the SmallSat market.
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